Data are available from the CSIC Institutional Data Repository (<http://hdl.handle.net/10261/110305>).

Introduction {#sec001}
============

Rice fields are used by a variety of waterbirds as breeding and foraging sites \[[@pone.0126738.ref001]--[@pone.0126738.ref003]\]. The importance of this crop as an alternative habitat for waterbirds has been previously reported (e.g. \[[@pone.0126738.ref003]--[@pone.0126738.ref006]\]). However, waterbirds using rice fields may be exposed to potentially toxic chemical compounds \[[@pone.0126738.ref007]\], and only few studies have ever investigated the exposure of rice field-associated fauna to pesticides \[[@pone.0126738.ref008]\]. Several pesticides used extensively in rice cultivation are extremely toxic to birds and are thought to cause frequent and largely unavoidable mortality \[[@pone.0126738.ref008]\]. Among the insecticides most commonly used in rice fields are cholinesterase (ChE)-inhibiting agents such as organophosphates (OP) and carbamates (CB). Smith \[[@pone.0126738.ref009]\] suggested that over 50% of OPs and over 90% of CBs are 'extremely toxic' to most bird species. ChE-inhibiting pesticides are the most common insecticides used in industrialized nations, but also in developing countries where their use is generally poorly regulated \[[@pone.0126738.ref010]\].

ChE is an important enzyme in the central and peripheral nervous systems and is responsible for the hydrolysis of the neurotransmitter acetylcholine (ACh) at the nerve---nerve or nerve---effector interface. Without hydrolysis, ACh accumulates in the synapse, thereby disrupting neurotransmission, impairing behaviour and physiology, and eventually leading to death \[[@pone.0126738.ref011]\]. Plasma ChE activity can reveal exposure to pesticides that is consistent with intoxication and death in subsets of a population \[[@pone.0126738.ref012]\], as well as the lack of such exposure \[[@pone.0126738.ref013]\]. Although ChE-inhibiting pesticides degrade quite rapidly, they can be highly toxic in the short term and may pose a risk to non-target species \[[@pone.0126738.ref008], [@pone.0126738.ref014]\]. For example, shorebird mortality has been reported in rice fields after the application of carbofuran, a potent anti-ChE agent (e.g. \[[@pone.0126738.ref015]\]). In the rice fields of the Ebro delta (NE Spain), the massive use of OP and CB pesticides (involving more than 20 000 t/yr) caused several waterbird mortality events \[[@pone.0126738.ref016]\]. In addition to direct mortality, exposure to OP and CB compounds also has sublethal effects \[[@pone.0126738.ref014]\]. Physiological and behavioural effects such as decreased food intake, hypothermia and altered concentrations of reproductive hormones, which have a great potential for reducing the productivity and survival of free-living wildlife, have been associated with sublethal reductions in brain ChE activity \[[@pone.0126738.ref017]\]. The repeated application of pesticides in rice fields may also affect the quality (diversity, size) and quantity (density, biomass) of many of the invertebrates that constitute the diet of many waterbirds in this environment \[[@pone.0126738.ref018]\]. Measuring plasma ChE enzyme activity is a widely used non-destructive method of monitoring avian exposure to ChE-inhibiting pesticides \[[@pone.0126738.ref014], [@pone.0126738.ref019]--[@pone.0126738.ref021]\].

Despite the existence of a few studies on the negative effects of pesticides applied in rice fields on waterbirds (e.g. \[[@pone.0126738.ref014]--[@pone.0126738.ref016], [@pone.0126738.ref022]\], little attention has been paid to the possible attenuation of these effects through management policies. The basis of integrated management are reducing the use of pesticide by using non-chemical treatments when available and rely on the use of a reduced number of low toxicity pesticides when pest abundance increases over threshold established from economic considerations \[[@pone.0126738.ref023]\]. Although the link between organic and integrated farming, and the reduction of chemical residues in food is widely acknowledged \[[@pone.0126738.ref024]\], little is known about the presumed positive effects integrated management may have on other environmental components, particularly on wildlife \[[@pone.0126738.ref025]\]. In southern Europe and North Africa large areas of wetlands have been transformed into rice fields. In Europe, where rice fields cover 581 978 ha \[[@pone.0126738.ref026]\], changes in the European Union's Common Agriculture Policy could alter pesticide use and thus its effects on waterbirds. In addition, rice fields in North Africa are subject to different pesticide regulations and rates of use, facts that may alter the way in which these chemicals affect waterbirds.

In this paper we examine the exposure of Black-winged Stilt (*Himantopus himantopus*) chicks to pesticides in rice fields and explore whether differences in pesticide management techniques translate into differences in their negative effects on birds. It is expected that in rice fields in which management puts limits on pesticide application (integrated management) waterbirds will be less affected by pesticides. Further, in developing countries like Morocco, where there are fewer controls on pesticide application, waterbirds breeding in rice fields are liable to be more affected by pesticides. We examined plasma ChE activity, a non-destructive biomarker, in chicks from rice fields in Doñana (SW Spain) cultivated from 2005 to 2011 using two different pesticide management regimes (integrated and intensive). In addition, during 2009--2011 we compared ChE activity in birds from rice fields in Doñana with those in birds from NW Morocco.

Materials and Methods {#sec002}
=====================

Study sites {#sec003}
-----------

Black-winged Stilt chicks were captured during the breeding season (from April to August) from 2005--2011 in Doñana rice fields located near the Guadalquivir marshes (37°09N 06°08W, SW Spain), in 2009--2010 in rice fields of Sidi Allal Tazi and in 2009--2011 in rice fields of Larache (both sites in NW Morocco, 34°30N 6°16W and 35°11N 6°07W respectively). Birds were also sampled at natural ponds in the Doñana area in 2010--2011 (37°04N 6°27W), and in natural wetlands at Larache and a coastal lagoon in Briech (NW Morocco, 35°11N 6°07W and 35°31N 6°00W respectively) in 2011 ([Fig 1](#pone.0126738.g001){ref-type="fig"}).

![Study sites at Doñana (Spain), Sidi Allal Tazi and Larache (Morocco).\
Rice fields are shown in black and protected area in Doñana (DNP) is shown in grey. The natural areas are identified with symbols: Doñana (asterisk), Briech (square) and Larache (circle).](pone.0126738.g001){#pone.0126738.g001}

Doñana rice fields constitute the largest cultivated rice area in Spain (36 000 ha), and lie within the marshes of Doñana Natural Space a protected area of about 108 087 ha at the Guadalquivir river delta. The Doñana wetlands (about 27 000 ha) are located within the Guadalquivir marshes and are one of the most important habitats for migratory waterbirds in the Western Palaearctic \[[@pone.0126738.ref027]\]. The studied rice fields in north western Morocco (about 13 000 ha) are located in sub-humid zones in the regions of Kenitra (Oued Sebou) and Larache (Oued Loukkos) ([Fig 1](#pone.0126738.g001){ref-type="fig"}).

Application of ChE-inhibiting pesticides {#sec004}
----------------------------------------

During the crop seasons of 2005--2007 and 2009--2011, the Doñana rice fields were cultivated using integrated management, which is characterized by the limited (although not strictly forbidden) use of chemicals (fertilisers and pesticides), and the implementation of production systems with low environmental impact. Integrated management of rice fields in Doñana started in 10.000 Ha by 1998 \[[@pone.0126738.ref028]\], but the surface has increased since them and the list of authorised pesticides has also changed. In Spain, the main set of norms regarding integrated management derives from the application of Council Regulations (EEC) N°. 2078/92 and subsequently N°. 1257/99. The pesticides and herbicides used in rice fields of Doñana during the study period included mainly malathion, trichlorfon, copper sulphate, propanil and molinate, as well as various other compounds in smaller amounts (as stated by Aparicio et al. \[[@pone.0126738.ref028]\] and Annual Reglaments of Integrated Management). In 2007, the European Commission removed the OPs malathion and trichlorfon from the list of active substances authorized under Directive 91/414/CEE (decisions 2007/389/CE and 2007/357/CE). These insecticides were still applied in the Doñana rice fields during 2007 under the integrated management policies (hereafter integrated management A, spanning 2005--2007); however, during 2009 two new insecticides were used in the rice fields (integrated management B, spanning 2009--2011): etofenprox (pyrethroid ether) and imidacloprid (neonicotinoid) as alternatives to malathion and trichlorfon. During 2008 crops were intensively managed (hereafter \'intensive management\'), that is, farmers used preventive pesticide use with less restrictions in their composition than under integrated management. We had no information about the pesticides applied in Doñana during 2008 due to a lack of reports from farmers.

The two areas of rice fields studied in Morocco are managed differently. In Sidi Allal Tazi rice is cultivated in groups of small paddies managed by different farmers and pesticides are applied by hand. The biological control of algae and mosquito larvae relies mostly on the introduction of the Mosquitofish (*Gambusia affinis*). On the other hand, in Larache rice is cultivated more intensively in large paddy fields. Mosquitoes represent a serious nuisance for the human population in the area, and aerial spraying of pesticides takes place. We lack information regarding the pesticides used in these Moroccan rice fields.

Avian sampling {#sec005}
--------------

Black-winged stilts chicks were captured at night on the banks between paddies and inside the rice paddies using a torch and a dip net. Birds were individually marked with a metallic ring and with a white PVC ring with a three-digit code that allowed birds to be identified subsequently with a telescope. Body mass was measured on a portable digital balance (accuracy 0.1 g). Measurements of the right tarsi length were taken using a digital caliper to the nearest 0.01 mm. Up to 0.3 ml of blood was collected from the jugular vein with 0.5 ml syringes. Blood was stored in eppendorf tubes with heparin, and transported to the laboratory in coolers before centrifugation within 6 h. Plasma was then separated and frozen at -80°C until analysed. Capture and bleeding of birds for this study was done with permits issued by Junta de Andalucia in Spain and from the Institute Scientifique du Rabat and Institute Agronomique in Morocco. The sampling protocols in both countries were approved by the Institutional Animal Care and Use Committee from CSIC.

Plasma ChE activity {#sec006}
-------------------

The measurement of ChE activity in plasma samples (10 μl) was performed colorimetrically with a spectrophotometer Ultrospec 2100 pro, UV/Visible, Amersham Biosciences, according to the modification of Ellman´s method described in Martínez-Haro et al. \[[@pone.0126738.ref019]\]. Cholinesterase hydrolyzes acetylthiocholine iodide (ASChI) into thiocholine and acetate. Thiocholine reacts with dithiodinitrobenzoic acid (DNTB) to form thionitrobenzoic acid, which has a yellow colour that can be measured at 405 nm. The rate of colour production represents ChE activity. Chemical and reagents were Trizma base (tris \[hydroxymethyl\] aminomethane reagent grade, minimum 99.9%) and Trizma hydrochloride (tris \[hydroxymethyl\] aminomethane hydrochloride reagent grade) from Sigma; DTNB (5,5´-dithiobis (2-nitrobenzoic acid, 99%)) and ASChI (s-acetylthiocholine iodide 98%) from Alfa-Aesar. Plasma ChE activities were given in mU/ml after the product of ΔA/min with 11 700 \[[@pone.0126738.ref029]\]. All samples were analysed in the same laboratory but in three different periods. Samples from 2005 to 2008 were analysed in one batch in 2008, samples from 2009 were analysed in 2009 and samples from 2010 and 2011 were analysed in 2011. All the analyses were done with recently prepared reagents and the absorbance of blanks was also measured. Nine replicates of control sample of human serum (Biochemistry Level I, BioSystems) were analysed and the obtained result of cholinesterase activity (mean: 6,597, SD: 359 mU/ml, CV: 5.4%) were within the expected values of the sample (mean: 6300, range: 4725--7875 mU/ml). Duplicate analyses of 16 samples of different years at the end of the study showed the high inter-assay repeatability of the analyses and the stability of the frozen samples at -80°C (Repetability = 0.93). The intra-assay variation between five repeated measurements of a single sample was 2.1% (n = 5, mean = 1130, SD = 24 mU/ml).

Statistical analyses {#sec007}
--------------------

Mixed Model ANOVA's were used to explore factors related to ChE of Black-winged Stilts. The models were fitted using JMP 9.0 \[[@pone.0126738.ref030]\]. First we compared ChE levels across years, rice field areas and control areas from Spain and Morocco. Only one individual was captured in 2006 and was not included in the analyses. Family was included as a random factor identifying samples from siblings. No differences in ChE levels between control areas in Spain and Morocco were found in a preliminary analysis (F~1,18.09~ = 0.15, p = 0.71) and for this reason data from both control areas were merged into a single control group in subsequent analyses. The dataset from Doñana was analyzed with ChE as the dependent variable and 'pesticide management', 'year' nested inside 'pesticide management', and 'body mass' and 'tarsus length' as independent variables. The variable 'pesticide management' was coded as a nominal variable with value 0 for intensive management, 1 for 'integrated management A' and 2 for 'integrated management B'. Family was included as a random factor grouping samples coming from siblings. We included tarsus length and body mass as independent variables to control for a possible body-size effect on ChE. In order to test whether body condition was affected by pesticide exposure, we built another model using 'body mass' as dependent variable, with ChE and 'tarsus length' as independent variables, and family as a random factor. In a similar way, we analyzed differences in ChE activity between (a) chicks sampled in 2009--2010 from Doñana rice fields and (b) chicks captured in 2009--2010 at rice fields in Morocco. The model included ChE as the dependent variable; 'locality' (Doñana rice fields, Larache, Sidi Allal Tazi), 'year' and 'body mass' and 'tarsus length' were used as independent variables. Family was included as a random factor. In order to test whether body condition was affected by pesticide exposure we built another model with 'body mass' as the dependent variable, 'locality', 'year', ChE and 'tarsus length' as independent variables, and family as a random factor.

Results {#sec008}
=======

Important differences were found in ChE levels at the different localities and in different years (n = 246, F~11,174.6~ = 4.18, p \< 0.0001, [Fig 2](#pone.0126738.g002){ref-type="fig"}). In comparison to control areas, ChE values were lower in Doñana rice fields in 2005, 2008--2010 (p \< 0.05 in a-posteriori t-tests). No differences in ChE were found in birds sampled in control areas and rice fields in Morocco. In the same way ChE levels in control areas in Doñana and Morocco were similar to those found in Doñana rice fields in 2007 and 2011 ([Fig 2](#pone.0126738.g002){ref-type="fig"}). A total of 98 Black-winged Stilts sampled during 2005--2011 were included in the analyses of differences in ChE in relation to pesticide management in the Doñana rice fields. 'Pesticide management' was the only variable significantly related to ChE activity (F~2,74.23~ = 4.58; p = 0.01). Plasma ChE activity in 2008 (intensive management) was lower than in 2005--2007 (integrated management A; a-posteriori t test, p \< 0.05), and 2009--2011 (integrated management B; p \< 0.05) while no differences were detected between the two periods with integrated rice management. During the period of integrated management B, ChE activity in 2009 and 2010 was significantly lower than in 2011 (p \< 0.05) ([Fig 2](#pone.0126738.g002){ref-type="fig"}). Body mass and tarsus length were unrelated to ChE (body mass: F~1,86.56~ = 0.41, p = 0.52; tarsus length: F~1,89.34~ = 0.40, p = 0.53). Further, body condition was unaffected by pesticide exposure. Only tarsus length was related to body mass (F~1,88.57~ = 330.56, p \< 0.0001) while no relationship with ChE activity was found (F~1,83.34~ = 1.25; p = 0.27).

![Total cholinesterase activity of Black-winged Stilt (*Himantopus himantopus*) chicks born over the period 2005--2011.\
Mean ± s.e. total cholinesterase (ChE) activity (mU/ml plasma) and sample size is given over each bar. Filled circles represent data from birds captured in rice fields, and open symbols data from birds captured in natural marshes.](pone.0126738.g002){#pone.0126738.g002}

A total of 137 Black-winged Stilts sampled during 2009--2010 were included in the analyses of the differences in ChE between individuals from Doñana and Morocco rice fields. 'Locality' was the only significant variable (F~2,70.07~ = 4.05; p = 0.02), with smaller ChE values being found in the integrated management B area in Doñana, than in both rice field areas from Morocco ([Fig 2](#pone.0126738.g002){ref-type="fig"}). No interaction between year and locality was found (F~2,67.57~ = 0.47, p = 0.62), and tarsus length and body mass were unrelated to ChE activity (p \> 0.47 in both cases). In the model built to examine whether body condition was affected by pesticide exposure, only tarsus length was positively related to body mass (F~1,127.10~ = 181.47, p \< 0.0001), while ChE (F~1,35~ = 0.01; p = 0.93), locality (F~2,104.70~ = 1.73, p = 0.18) and the interaction 'year\*locality' (F~2,96.54~ = 1.63, p = 0.20) were unrelated to body mass.

Discussion {#sec009}
==========

We found important differences in the levels of ChE activity between Black-winged Stilts chicks reared in different locations or under different pesticide management policies. Previous studies of the effects of organic and integrated farming techniques on the environment have demonstrated their positive effects on birds (e.g. \[[@pone.0126738.ref031]--[@pone.0126738.ref033]\]), although usually only in terms of species richness and abundance.

Exposure to ChE-inhibiting compounds in birds may occur in several ways, including the consumption of contaminated insects and seed, drift or contact with pesticide-coated vegetation and the direct consumption of pesticide granules \[[@pone.0126738.ref034]\]. However, birds normally receive sublethal doses, primarily by ingesting pesticide-contaminated food items \[[@pone.0126738.ref035]\]. Reductions in brain ChE activity larger than 50% can be considered evidence for lethal exposure \[[@pone.0126738.ref036]\]. However, blood or plasma ChE is more sensitive than brain ChE and some difficulties have been found to establish a benchmark as for brain ChE \[[@pone.0126738.ref037]\]. Several authors consider that birds with plasma ChE activity 2 standard deviations below the mean reference value could be considered evidence for exposure to ChE-inhibiting pesticides \[[@pone.0126738.ref038]\]. The mean value of ChE in the natural areas was 2983.03±817.90 mU/ml ([Fig 2](#pone.0126738.g002){ref-type="fig"}) and 13 individuals did not reach the benchmark of 1349.23 mU/ml. All these 13 individuals were captured in rice-field areas (2 in Larache, 1 in Sidi Allal Tazir and 10 in Doñana, 5 in integrated management B, 2 in integrated management A and 3 in intensive management).

ChE levels in birds captured in control natural areas were higher than in birds captured in intensive farmed fields. Also the higher activity of ChE found in birds from the Doñana rice fields under integrated management as opposed to intensive management confirms our hypothesis that appropriate pesticide management could attenuate the negative effects on birds of these chemical treatments. Interestingly, and contrary to our initial expectative, in 2009 and 2010 we found lower values for ChE in birds from Spain than from Morocco, which may reflect the difference in the intensification of rice production between these two countries. Rice cultivation in Spain is more mechanized and pesticide treatment is carried out on a larger scale than in Morocco, where the use of intensive agriculture is more restricted. Additionally, we can not exclude that pesticide treatments in Morocco had relied on non ChE depressing pesticides. During 2008, 30% of the sampled individuals did not reach the ChE concentration benchmark, while this number ranged between 0 and 6.7% for all the rice field areas studied in Morocco. The proportion of individuals below ChE concentration benchmark in Doñana rice field under integrated management ranged between 0% in 2007 and 2011 and the 20% in 2010.

The low ChE activity values in Doñana in 2009 and 2010 were unexpected given that malathion and trichlorfon had been banned in 2007 and these compounds do not persist in the environment. The banning of these substances produced a lot of complains among farmers. Therefore, we can not exclude that the lower ChE activities in 2008 and the two following years were due to the use of stocks of ChE-inhibiting pesticides. We are not aware of any additional changes in programme implementation, control or farmer formation that may have contributed to these differences. Management actions may need to be evaluated at mid-term periods because cultural inertia and economic factors linked to stock management may limit the success of those measures on the short term and may also explain the intermediate ChE values in 2009--2010 in comparison to 2008 on one side and 2005--2007 and 2011 by the other.

After the ban of malathion and trichlorfon, other non-ChE inhibiting insecticides such as etofenprox and imidacloprid have been included in the integrated management. To the best of our knowledge no studies of the effects of etofenprox on birds have been conducted, and only a few studies on the toxicity of imidacloprid on birds are available \[[@pone.0126738.ref039]--[@pone.0126738.ref040]\]. In fact, imidacloprid could even be more toxic for birds than previously applied pesticides such as malathion, as has been observed in a recent review of the negative effects on birds of pesticides applied in rice fields \[[@pone.0126738.ref008]\].

There is a lack of any integrated approach to the evaluation of the overall direct and indirect effects on wildlife of the use of pesticides in rice farming \[[@pone.0126738.ref016]\]. Proposed management practices that address adverse effects of pesticide use in rice fields include the increased adoption of integrated management principles and the use of less toxic products \[[@pone.0126738.ref008]\]. Understanding the effects of different farming practices is a high-priority research question that will have consequences for policymaking \[[@pone.0126738.ref041]\]. Our results suggest that agricultural management policies can have a severe impact on health and condition in breeding birds, and that legislation on pesticide use and agro-environmental schemes can attenuate their negative effects on waterbirds. However, these birds are characterized by their high dispersal capacity \[[@pone.0126738.ref042]\], as exemplified by the observation of the same Black-winged Stilt breeding in a rice field in Morocco in 2008 and in Doñana in 2010 (personal observation). Therefore, pesticide management at trans-national and continental scales is necessary if we are to reduce exposure to pesticides in waterbirds during their life-cycles and along their migratory pathways.

Conclusions {#sec010}
===========

Results presented in this study suggest that pesticide management policies influence the way in which rice cultivation affects waterbirds. Birds from the Doñana rice fields presented lower values of ChE when the crop was under intensive management as opposed to the integrated management with more controlled use of pesticides. The reduction in the use of pesticides associated to integrated management may benefit birds, although more studies are necessary to evaluate the negative effects of etofenprox and imidacloprid on waterbirds feeding on rice fields after the ban of ChE-inhibiting insecticides. Moreover, the higher ChE activity found in birds from Morocco may reflect a lower use of ChE-inhibiting pesticides than in the Spanish rice fields under the intensive management and even in some years of integrated management.

We thank Carlos Moreno, Manolo Vazquez, Oscar Gonzalez, Sarah Le Pimpec, Francisco Miranda, Laura Gangoso, Juan Luis Barroso, Joaquín Muñoz and many volunteers that helped out during the nocturnal field work. We are indebted to David Aragonés for help with the maps. We thank the land-owners who kindly allowed us to work in their rice fields.

[^1]: **Competing Interests:**The authors have declared that no competing interests exist.

[^2]: Conceived and designed the experiments: JF RM. Performed the experiments: GT RB MM IS JB JM DV RM JF. Analyzed the data: GT JF. Wrote the paper: JF GT RM MM IS JB JM DV RB.
